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DARK MATTER FROM LARGE TO SMALL SCALES
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OUTLINE

* Self-annihilations, Self-interactions and PAMELA and

Fermi excesses
» Early universe consistency conditions

 T'he Milky Way satellites

* Cores 1n nearby galaxies




)
HORNE

aseyd aSeraay rda ]

 SSOUUWLIEM | —>




Hidden sectors




Hidden sectors

—_—

Hidden
DM (X) with U(1) charge
U(1) gauge boson ¢

photon LW
kF Fdark

=

¢ —e
PO — 2 Ve




_2 | | IIIIII|

| | | I I | | |
107 10 100
Mass/Temperature

: n ( o) :)2 TeV
O ann Bt e BT
0.025 mx

1000

) 2.3 x 1072

FREEZE OUT: MSSM

3
6Cm

S




FREEZE OUT: MSSM

r alpha smaller by a

factor of 10
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FREEZE OUT: MSSM

pireeze out temperature ~ 10GeV
Age ~ 10 nano-second

I3 alpha smaller by a

factor of 10
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HIDDEN SECTOR DARK MATTER FROM FREEZE-OUT

Comoving number
density

Mass of DM/ Temperature

=Scale factor of the universe
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HIDDEN SECTOR DARK MATTER FROM FREEZE-OUT
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particles




HIDDEN SECTOR DARK MATTER FROM FREEZE-OUT
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HIDDEN SECTOR DARK MATTER FROM FREEZE-OUT
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HIDDEN SECTOR DARK MATTER FROM FREEZE-OUT

M energy density o<
1 m%(

2
frozen < Uann?}> a3
number

density

Charge of X under
hidden U(1) is V4mrax

Comoving number
density

Mass off DM/Temperature  hidden U(1) is ceQ;
=Scal§ factor of the universe

DM annihilates to U(1)

gauge bosons and SM
particles

Charge of SM fermion f under




ANNIHILATION CROSS SECTION

Cross section changed by non-relativistic effects

k ~ 1 depends on the spins of particles and other details

S 1s the “Sommerfeld enhancement” due to the
attractive force between Xs that distorts the wave

function at close separation.
A. Sommerfeld, Annalen der Physik 403, 207 (1931)

Hisano, Matsumoto and Nojiri, PRD 67 (2003) 075014




OBSERVATIONAL MOTIVATION:
PAMELA AND FERMI EXCESSES
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OBSERVATIONAL MOTIVATION:
PAMELA AND FERMI EXCESSES
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OBSERVATIONAL MOTIVATION:
PAMELA AND FERMI EXCESSES

Explain with DM

annthilation to e+ e-?

FAMELA

o o
w ‘.
T I

— — — -~ convenHonal diffuslve model

de’) / (de)+ de))

e
-h

—

Mulier & Tang 1957 '{M
— L E— [ passrsss - 0
10 100 1 (: = s TS92 l [ T 3 % &
o HEATIH9s il
Energy (GeV) £ © | 1= T L]
- ~ 0 Ams9s )
o puf Q
n “0.02 . HEAT00
° h s« Clem & Evenson 2007 ’
m (2 * PAMELA
0.0%3 o N

HMH ]]l

i+

ol Lo el
1 1
Energy

(GeV)




USE MASSIVE DARK FORCE CARRIER
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Turns out the cross section required to explain PAMELA and
Fermi 1s much larger than the typical weak scale cross section

3 x 107(-26) cm”™3/s
But S could be a 1000!

Use Sommerfeld enhancement get the right
annihilation cross section 1n the halo to explain
Pamela and Fermu.

Cirelli, Kadastik, Raidal and Strumia, Nucl. Phys. B 813, 1 (2009)
Arkani-Hamed, Finkbeiner, Slatyer and Weiner, Phys. Rev. D 79, 015014 (2009)




SOMMERFELD ENHANCEMENT

» Away from resonances, the
Sommerfeld effect depends
on velocity

» This enhancement 1s
saturated when velocity ~
force carrier mass/dark
matter mass

» At resonance, the
enhancement grows like




SOMMERFELD ENHANCEMENT

» Away from resonances, the
Ty /v >y T
Sommerfeld effect depends SO — X / ax>v X
1ty ; ] — e~ Tax /v "
on velocity = /

» This enhancement 1s
saturated when velocity ~
force carrier mass/dark
matter mass

» At resonance, the
enhancement grows like




SOMMERFELD ENHANCEMENT

» Away from resonances, the
T (%) sy T
Sommerfeld effect depends S0 = x/ ax v ad
T ; 1 — e—*/rax/'v v
on velocity
 This enhancement 1s
saturated when velocity ~ :
: GC}:X mx
force carrier mass/dark Mg ~ —— n=123...
| TN

matter mass

» At resonance, the

7" X TN G
enhancement grows hke"} S 5 -
Omxv

S. Cassel 2009 and T. Slatyer 2010




SOMMERFELD ENHANCEMENT

* Away from resonances, the
T U T
Sommerfeld effect depends S0 = x/ CXZY ad
on velocity = 1 — e~max/v v
» This enhancement 1s
saturated when velocity ~ 6orvn
force carrier mass/dark Mg =~ )2( 2X , n=1223..
TN

martter mass

» At resonance, the

enhancement grows like’-> S 6myv?

S. Cassel 2009 and T. Slatyer 2010

[Large S enhancement requires large alpha.

Can we still get the right relic density?




PAMELA/FERMI: DARK FORCE SOMMERFELD
ENHANCEMENT EXPALATION

¢S _eff is defined such that
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T
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Feng, Kaplinghat, Yu PRL 2010
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PAMELA/FERMI: DARK FORCE SOMMERFELD
ENHANCEMENT EXPALATION

¢S _eff is defined such that
2

T
(TanVrel) = k—2=S(mg, mx, vrer) 1000
mx &:
= Ser 3 x 107%%cm? /s q_)l
7))
100

For the moment, neglect resonance
and the fact that $>1 in the early
universe.

To get the right relic density for
mX~TeV, we need alphaX ~ 0.025

In the halo, v ~ 107(-3)

Then S~ pi alpha/v ~ 75

Feng, Kaplinghat, Yu PRL 2010
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FREEZE OUT WITH SOMMERFELD ENHANCEMENT

g m ¢=O.25 GeV
1077 s ed
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Feng, Kaplinghat, Yu 2010 submitted




FREEZE OUT WITH SOMMERFELD ENHANCEMENT

m¢=0.25 GeV
10_1': Al g
T d_de
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w/0 S in the
early universe

Feng, Kaplinghat, Yu 2010 submitted




FREEZE OUT WITH SOMMERFELD ENHANCEMENT

m¢=0.25 GeV
10_1': Al g
T d_de

k

w/0 S in the
early universe

with S in the
carly universe

Feng, Kaplinghat, Yu 2010 submitted




FREEZE OUT WITH SOMMERFELD ENHANCEMENT

m =0.25 GeV
wid At Resonance
U U s

k

< T T i T ; T g 20
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early universe | Oy

with S in the
carly universe

Feng, Kaplinghat, Yu 2010 submitted




FREEZE OUT WITH SOMMERFELD ENHANCEMENT

m¢=0.25 GeV
10_1': Al g
T d_de

k

w/0 S in the
early universe

with S in the
carly universe

Feng, Kaplinghat, Yu 2010 submitted

At Resonance
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Anmilulations happen until very late
depleting dark matter. "I his 1s a major

wssue_for regions close to resonance
R — T —————




FORCE CARRIER DECAYS
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Force carrier (ph1) must T8 e |25

necessarily decay to give o

rise to the positron excess Ng/Te < Z 11y (OV) £y
i

Production of phi must
outstrip the decay and
the expansion rate
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MAXIMAL SOMMERFELD ENHANCEMENT
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ASTROPHYSICAL UNCERTAINTIES

* Value of local density

* Recent estimates suggest this to be 0.4 GeV/cm”"3
Catena and Ullio 09, Salucci et al 10

 The best fit regions will shift down by (0.3/0.4)*2 if we

use this central value
e Positrons from subhalos and substructure

 Propagation uncertainty, contribution from pulsars, etc




NON MINIMAL PARTICLE PHYSICS MODELS

New annihilation channels

XX — oh
If phi mass is generated through Higgs s
mechanism, then generically Higgs 1s < O ?}> el 2X
also light. 4 m X

Multi-state dark matter
S ~ 100 sufficient if TeV state

explains Fermi and 100 GeV

fvojstable states with each stable state  © 0 B0 L n AMETA

split into two almost degenerate states
Cholis and Weiner, 2010 But no self consistent freeze

Non-abelian models, running of out calculation
coupling Chen, Cline, Frey 09
Zhang, Li, Cao, Li 09

Additional annihilation channels

Decay of higgs happens late after
BBN




GALACTIC CONSTRAINTS
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1072

IN GEV SCALE

SOME OTHER AVENUES TO CONSTRA
DARK FORCE

» Distortion of CMB anisotropy power Z =
spectra /[Slatyer, Padmanabhan and E 102
Finkbeiner 2009] K

» Distortion to black body spectrum of > |
CMB /Lavala, Vogelsberger and White e
2009] %

<

 Contribution to gamma-ray i
background and reionization o
[Ramionkowskr and Profumo 2008 _8

* Look for final state radiation Ob;b
from dwarf galaxies 5

~

» Effect of self-scattering in nearby %
galaxies (shapes and cores) =

=
-

p values

2 1
3 Ruled out by WMAP5 S xg E
4 3
6| [7
3 1 =
o 9
11
1 1 XDM u*w 2500 GeV, BF = 2300 _|
1 2 u*w 1500 GeV, BF = 1100

— 3 XDM 'y 2500 GeV, BF = 1000 —
E 4 XDM e*e 1000 GeV, BF =300 3

5 XDM 4:4:1 1000 GeV, BF =420 ]

Planck 6 e'e’ 700 GeV, BF = 220
forecast 7 w1500 GeV, BF = 560
CVL 8 XDM 1:1:2 1500 GeV, BF = 400

= 9 XDM w'w 400 GeV, BF =110

10 u'w 250 GeV, BF =81 3

11 W*W 200 GeV, BF = 66

12 XDM e*e” 150 GeV, BF = 16

13 e*e” 100 GeV, BF = 10

| | |
10 100 1000
DM Mass [GeV]




SCATTERING

* DM particles would interact with each 2

other with a potential given by V(r) = ——e™ "¢"
-
e Let a be such that _V(a) = 1%?]361
2

e Then cross section ~ 7g2 > 71'/777,?5

» Quantum effects change this cross section

significantly [Buckley and Fox 2010]

 Halos get spherical

o Effects in the late universe if

ool : :
X {OscatterUrel) > (age) e Cores in the density

profile of halos

T —




NGC 720 HAS AN ASPHERICAL DARK MATTER MASS
DISTRIBUTION
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Smoothed Chandra image Overlaid with optical
at 06-10 keV contours from DSS image

Buote, Jeltema, Canizares, Garmire 2002




massless force
carrier

1073 1072 10! 109 10! 10°® 103 10%0.010%

my [GeV]
Feng, Tu, Yu, Kaplinghat 09;
Buckley, Ackerman, Carroll, Kamionkowskr 08

6 is the weak mixing angle
in the hidden electroweak sector
¢rp 1s hidden to visible sector

photon temperature at reheating

0.001

Bounds from self
scattering

1.000 &

2000 3000 4000

my (GeV)
Feng, Kaplinghat, Yu PRL 2010
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(predictions from a simulation
with cold dark matter) '
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Picture
without
the new
satellites
discovered

by Sloan
Digital Sky

Survey
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THE MILKY WAY COMPANIONS

Luminosity [Lg]

=> Density = 0.1 Solar Mass / parsec”3
=> consistent with basic CDM predictions for objects that
collapse early, z~10

o
IEI 108 = | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | -_l-
7)) u .
| :
74 | Uma I Dra_car LeoI
2 3 cv iima ! % cvid B Sl §  Fnx
a, 107 _ % Umi TLeo 11T ¥ _
B - %Leo T ;I; 3
8 - Seg 1 Com ¢ Her Sex i
g w1 |
5
< 108 | 1 —=
:'é.’ - Leo IV =
% | | | ||||||| | | ||||||| | | ||||||| | | ||||||| | | ||||||| | g
= 102 108 104 105 1068 107

Nothing special
about 300 pc: 1t 18
the best radius
(least errors) at
which to compare
the ensemble to
theory

Strigan, et al, Nature 2008




GAMMA RAYS FROM DM ANNIHILATION IN
THE SATELLITES: FERMI CONSTRAINTS

MSSM
WMAP compatible

below WMAP

— UMa |l [TTT]
Coma Berenicas ===~

Draco

my,, (GeV)

3
<O v>(cm'/s)

1 0-21

e
"

Sl
:

[o—

(=3
re
w

107

107

[

Fermi/LAT collaboration, Bullock, Kaplinghat, Martinez 2010
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CORE OR CUSP?

e Canonical CDM

stmulations show that
density of dark matter in a
galactic halo increases with
decreasing radius on
observable scales. Is this
the case observationally?

* Self-interactions, self-
annthilations and finite

Halo Density

primordial phase space Radius
density will all stop this

increasing density with

decreasing radius trend.

But at what radius’




PROBLEM: WE CAN’T (YET) MEASURE THE SLOPE OF
THE DENSITY PROFILE IN THE SATELLITES

-®-Standard way to measure density profiles is to look at velocity dispersion
of the stars in these dwarfs. Velocity dispersion (temperature) tells us about
the potential well.

-®However, there is a fundamental degeneracy with the velocity dispersion
anisotropy of stars that prevents one from measuring the profile well.

. [ ) --l LI I LI I LI I LI I l-

NFW density profile E T rem =0.15 kpe .
- o NI ssss
increases as 1/ 2 I 7
radius close to the .5 F -
center, l.e., a cusp 5 3 ]
oa —-- —

= ¥ x

Black curve are for o+ =
: 2. 2

cored density profile 'Q" T v
--l L1 1 I L1 11 I L 11l I L 1.1l I l-‘

o

0.5 1 1.5 2
Strigari et al 2006 R [kpc]




WHAT CAN WE MEASURE IN THE SATELLITES?

12 . -
1e Answer: Mass within the

From half-light radius of stars
10'° likelihood

2
analysis 3701/2 <O-LOS>
M1/2 e

r1/9 : 3D half-light radius
s&p Etiptical or s | M1,9 : dynamical mass
6 . " O - -
10 - Geho Dworf Eliiptical - yyithin half-light radius
[ 10>°<L/Lg< 1072 dSph

10*%<L/Lg<10>* dSph Wolf, Martinez, Bullock, Kaplinghat, Geha,

P ' 1073<L/Lo<10** aSph | Afunoz, Simon, Avedo MNRAS 2010
10 Globular Cluster Stmalar results from
Walker, Mateo, Olszewski, Penarrubua,
10* 10° 108 @ 10" Evans, Gilmore ApF 2009

Magpx = 3 T/2 Ufos / G [Mg]




DENSITY OF DARK MATTER
AT HALF LIGHT RADIUS

Data from Wolf, Martinez, Bullock, Kaplinghat,
Geha, Munoz, Stmon, Avedo MNRAS 2010




DENSITY OF DARK MATTER
AT HALF LIGHT RADIUS

Data from Wolf, Martinez, Bullock, Kaplinghat,
Geha, Munoz, Stmon, Avedo MNRAS 2010




DENSITY OF DARK MATTER
AT HALF LIGHT RADIUS

Turn this into an
average density
within the stellar

half ight radius

Data from Wolf, Martinez, Bullock, Kaplinghat,
Geha, Munoz, Stmon, Avedo MNRAS 2010




DENSITY OF DARK MATTER
AT HALF LIGHT RADIUS

Density %

in solar Turn this into an

masses average density

per unit within the stellar

B >CC half light radius
cube

Data from Wolf, Martinez, Bullock, Kaplinghat,
Geha, Munoz, Stmon, Avedo MNRAS 2010




Density
in solar
Masseso.i
per unit
parsec
cube

0.01

DENSITY OF DARK MATTER
AT HALF LIGHT RADIUS

4('- Stlaglllle 1; very pllt'ehl1rn|11|12irlyI '

Turn this into an
average density
within the stellar

/

\ half ight radius
B \H i
Black dashed line is a ’E‘ \
— NFW profile with a scale N\
- radius of 2000 parses L. \f
| | | | 11 Il(l)O | | | 11 1|0|00

Half light radius in parsec

Data from WMolf; Martinez, Bullock, Kaplinghat,
Geha, Munoz, Stmon, Avedo MNRAS 2010




What about cores
in larger galaxies,
further away?

Rotation supported galaxies

UGC 7524/NGC 4395. -

24™10" 2a™20" 12%22"a0*

LLw.m. velocily (680 arcsec res.)

34° 0

52

a3°44

24™10" 2a™z0* 12%22™30"
R.A. (1950.0)

Galaxy: UGC 7524
Distance: 4.3 Mpc
Type: SAS9*,

B 10.55
[nclination: 34°

Optical size: 13.'2 x 10.'8

Total HI mass: 14.4 x 10% Mg

© WHISP, Mon May 26 15:57:00 1997




NEARBY LOW SURFACE BRIGHTNESS GALAXIES

Note the linear rise in rotation velocity at small
radii for all galaxies => constant density cores
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MASS RELATION?

Self interacting dark
matter does not
naturally explain the
spread 1n the value of
the 1nner density cores
or the lack of
correlation with Mass

Note that we are not
excluding the possibility of
self interactions that would
g1ve rise to cores smaller

than those here
Kuzio de Naray,

Martinez, Bullock,

Kaplinghat, ApJL 2010




CONCLUSIONS

Sommerteld enhanced explanations of PAMELA and
Fermi electron and positron anomalies have not been
shown to self-consistently explain the observed relic
density

The cores in LLSBs are not naturally explained by self-
interactions of dark matter

No evidence for cores or cusps in MW dSphs but that
1s the place to look for any deviations from collision
less cold dark matter paradigm




